ABSTRACT: Solitary entoprocts are sessile aquatic invertebrates inhabiting various non-living or living substrata. They proliferate through both sexual and asexual reproduction. However, fecundity and population dynamics of entoprocts are poorly understood, probably because the small size of the individuals (0.2 to 5 mm length) makes field studies difficult. To clarify the seasonal fluctuation of fecundity via sexual and asexual reproduction, we sampled the solitary entoproct Loxosomella plakorticola Iseto & Sugiyama, 2008 (Entoprocta: Loxosomatidae) monthly over 2 yr. L. plakorticola often forms dense aggregates on a coral-reef demosponge, Plakortis sp. Budding occurred all year round and was most active from spring to early summer. There was a significant negative relationship between bud production and water temperature 2 mo previously. In contrast, sexual reproduction rarely occurred during our monitoring. Monthly monitoring of 4 sponges for 13 to 23 mo revealed that the density and distribution pattern of L. plakorticola on the sponges fluctuated highly regardless of season. Large populations sometimes disappeared from the host sponge within short periods, while, in other cases, a small, sparse population grew to a large, dense population within a few months. DNA sequencing analysis demonstrated that individuals on the same sponge did not belong to a single clone. Thus, the entoprocts probably disperse from one sponge to others. Populations on sponges were mainly formed and maintained by budding; sexual reproduction may contribute to longdistance dispersal and maintenance of genetic heterogeneity.
INTRODUCTION
Proliferation through both sexual and asexual reproduction is found in various taxa including sessile, aquatic invertebrates, such as cnidarians, bryozoans, or ascidians (Hughes & Cancino 1985) . It is understood that each organism or species makes trade-offs between sexual and asexual reproduction to enhance fitness through both modes of reproduction. In general, asexual reproduction is advantageous for rapid proliferation, while sexual reproduction is necessary to produce genetic heterogeneity and to disperse over large areas in many benthic, particularly sessile, organisms. However, many studies deal with relatively large, prominent organisms (Sebens 1981 , 1982 , Uthicke 1997 , McGovern 2002 , and the reproduction and population dynamics of sessile meiobenthic species is poorly understood. Meiobenthic organisms are often overlooked in the field because of their small (0.2 to 5 mm), transparent bodies, however, they may be common species and have important functions in the marine ecosystem.
Entoprocts are colonial or solitary suspensionfeeders inhabiting marine environments, except for 2 colonial species living in freshwater. They have been reported to occur over wide geographic areas from tropical to polar marine waters and from the intertidal to the deep sea. They live on various substrates, such as dead coral, shells, seaweed, or live animals, and most solitary species have been reported to associate with specific hosts, such as sponges, bryozoans, sipunculids, or polychaetes (Nielsen 1964) . Benefits of commensal association include obtaining food and fresh water for respiration from water currents produced by the host (Nielsen 1964) , and securing a safe habitat that protects the entoprocts from overgrowth by other fouling organisms and from predators (Iseto 2005) . Entoprocts are very common. For instance, solitary entoprocts were shown to be the most dominant epizoans on glass slides submerged for 2 mo in the subtropical waters around Okinawa Island, Japan (Iseto et al. 2007) .
Entoprocts reproduce both sexually and asexually. Asexual reproduction takes place through budding. Solitary species produce buds at a pair of laterofrontal or frontal areas of the calyx, and fully-grown buds are released from the adult individual. Liberated buds can swim slowly with their tentacle cilia (Atkins 1932 , Nielsen 1989 ), but dispersal distance of liberated buds is unknown. By sexual reproduction entoprocts produce larvae. Solitary species are generally protandrous hermaphrodites, with a discrete male phase followed by a female phase (Nielsen 1971) , while some dioecious species are known from colonial entoprocts (Wasson 1997) . Following fertilization in ovaries, embryos are brooded in a deep depression at the calyx where they develop into trochophore-like larvae. The planktonic duration and dispersal distance of entoproct larvae is unknown. Adult individuals of some loxosomatid species can glide over, crawl on, detach from, and re-attach to the substratum with their foot (Iseto 2002 . These locomotory abilities possibly contribute to population formation, although such abilities are unlikely to be suitable for long-distance dispersal.
There are many records of sexual and asexual reproduction in solitary entoprocts (summarized in Mariscal 1975 , Nielsen 1989 , but there are only a few reports based on annual monitoring. Quantitative sampling has hardly been carried out. Iseto et al. (2007) conducted monthly, quantitative surveys for 1 yr on species composition, abundance, and reproduction in populations on glass slides that had been submerged for 2 mo at Okinawa Island, Japan. On the glass slides, 9 solitary species were found, and many individuals of them possessed buds. Sexual reproduction was restricted to a short period in summer (July to August) in 6 species, but was not found in the other species (Iseto et al. 2007) . However, these results may not strictly reflect reproduction in natural populations, as artificial substrates were submerged for 2 mo, so the maximum age of examined entoprocts was ≤2 mo.
Loxosomella plakorticola is a tiny solitary entoproct (≤1 mm long) and has a specific association with a coral-reef demosponge, Plakortis sp. (Iseto et al. 2008) , where it often forms dense aggregates. This is the first quantitative survey on the seasonal fluctuation of reproduction of solitary entoprocts in natural conditions. If the occurrence of sexual reproduction is rare or exclusive in limited seasons in the natural population as observed in the population on the glass slides, we expect that the entoproct population is mainly established and maintained by asexual reproduction (= budding).
MATERIALS AND METHODS
Sampling. The solitary entoproct Loxosomella plakorticola inhabits the surface of a demosponge, Plakortis sp. This sponge species is common and prominent as reddish brown masses on the reef slope at 10 to 15 m depth off Manza (Okinwajima Island, Japan; 26°30' 13.70' N, 127°50' 32.39' E). We performed monthly sampling of L. plakorticola over 2 yr. The host sponges (ca. 15 cm 3 ) with entoprocts were collected by SCUBA diving from September 2006 to August 2008. They were narcotized by adding 0.37 M MgCl 2 up to an equal volume to the seawater immediately after collection, and then fixed with 2% formalin seawater. Some specimens were collected from two sponges (Sponge #I, #II) on October 10, 2009 at the same locality and preserved in 99.5% ethanol for DNA analyses.
Monitoring of the entoprocts on the host sponge. We also monitored the monthly density and distribution of entoprocts on 4 host sponges (Sponge #1-4) for 13 to 23 mo to reveal the population dynamics of Loxosomella plakorticola on these hosts. L. plakorticola populations were labeled at the sampling site and photographed monthly with a 2 × 2 cm grid placed above each sponge. The number of entoproct individuals in each grid was recorded in the following 4 categories: none, <10, <100, and ≥100. Temporal trends of budding were compared with water temperature using crosscorrelation analysis. In this analysis, the Spearman's rank correlation coefficient was calculated with the number of budding individuals (or number of total buds in 100 individuals) lagging with respect to previous water temperature (time lag in months). Correlation at lag 0 was the usual Spearman's rank correlation. Correlation at lag 1 indicates the correlation of the number of budding individuals (or number of total buds in 100 individuals) with the water temperature from 1 mo previously. Similarly, correlations at lags 2, 3, 4, 5, and 6 were calculated. We performed the analyses using InStat software (v. 3.1a, Graphpad Software, 2004) .
Nucleotide sequencing. Genetic heterogeneity among entoproct individuals on the same sponge was demonstrated by comparing the nucleotide sequences of ribosomal DNA internal transcribed spacer 1 region (ITS1) of each individual. Individual Loxosomella plakorticola were picked up with tweezers from the sponge under a stereomicroscope. Selected specimens on the same sponge were at least 4 mm apart; generally, there were at least 7 individuals between selected specimens. Total genomic DNA was extracted using a ChargeSwitch gDNA Micro Tissue Kit (Invitrogen) following the manufacturer's protocol. Approximately 3500 base pairs of partial rDNA (18S rDNA (small ribosomal subunit DNA), ITS1 (internal transcribed spacer 1 region), 5.8S rDNA, and ITS2 (internal transcribed spacer 2 region)) were amplified using EX Taq polymerase (Takara) and a combination of the 'universal' primer ss5 (Rowan & Powers 1991) and ITS4 (White et al. 1990 ). PCR amplification was performed under the following conditions: 94°C for 5 min, followed by 40 cycles at 94°C for 1 min, 50°C for 1 min, and 72°C for 4 min, with final extension at 72°C for 7 min. For defining the DNA sequences of the ITS rDNA region, intermediate primers were designed (Table 1 ). Prior to direct sequencing, amplification products were treated with ExoSAP-IT (GE Healthcare). Cycle sequencing reactions were performed using DTCS Quick Start Master Mix (Beckman Coulter), and the products were analyzed using a CEQ8800 (Beckman Coulter) automated DNA sequencing system.
In preliminary experiments, we found 3 variable sites over 550 bp in length in the ITS1 region. In this study, ITS1 was amplified using combinations of the primers Lp18S-Fint1 and Lp5.8Sr (Table 1) for the test of clonality of Loxosomella plakorticola on a sponge. PCR amplification was performed under the following conditions: 94°C for 5 min, followed by 35 cycles at 94°C for 1 min, 50°C for 1 min, and 72°C for 2 min 30 s, with final extension at 72°C for 7 min. Cycle sequencing reactions were then performed using combination of the primers ITS5 and LpITS1r (Table 1 ). The nucleotide sequences of the partial rDNA of L. plakorticola were deposited in Gen Bank/EMBL/DDBJ Accession Nos. AB560864 -AB560867.
RESULTS

General morphology of Loxosomella plakorticola
Dense populations of Loxosomella plakorticola (>100 ind. cm -2 ) were often found on Plakortis sp. sponges (Fig. 1A,B ), but not all sponges were infested. Other entoproct species were never found on Plakortis sp., while a few other epizoic taxa were present on the sponges. e.g. bryozoans, polychaetes, ascidians, and brittle stars. In any case, L. plakorticola was the dominant epizoon on this sponge. In Loxosomella plakorticola, buds were formed in paired lateral pockets of the calyx at the upper half of the stomach (Fig. 1C,D ) with up to 4 buds at a time. At the early stage, buds were globular swellings, ~20 µm in diameter. Grown buds had the same proportions as adult individuals, and were attached to the parent's calyx by their stalk.
Embryos, 50 to 70 µm in diameter, occurred in the atrium of the calyx (Fig. 1E,F ). Up to 2 embryos were found on a single parent. Some individuals produced embryos and buds at the same time. The embryos had a pair of eyespots and cilia (Fig. 1E,F) .
Fluctuation of sexual and asexual reproduction
Asexual reproduction (= budding) During the 2 yr study period, a total of 2300 individuals was examined for asexual reproduction. Budding was observed all year round. Total number of buds per 100 individuals ranged from 91 (September 2006) to 232 (March 2008) (Fig. 2A) . The proportion of budding individuals ranged from 67% (September 2006) to 98% (July 2008) with ≤4 buds ind.
-1 (Fig. 2B) . The number of buds on each individual was significantly different among months (p < 0.0001, Kruskal-Wallis test), and individuals had significantly more buds in March, May, June, July, and August than in September, October, November, and December (p < 0.05, Dunn's multiple comparisons test). So, budding activity was high in spring to early summer (March to August) and low in late summer to winter (September to December).
Water temperature ( Fig. 2A) was always > 20.0°C during the 2 yr of the study. Temperature ranged from 21.0°C in January and February 2007, and in January 2008 to 29.5°C in August 2008. In a crosscorrelation analysis of temperature versus total number of buds in 100 individuals, high correlation values were found at a lag of 1, 2, and 3 mo (Fig. 3A) , with a maximum at time lag of 2 mo. This result suggested a significant negative relationship between the numbers of budding individuals and water temperature 2 mo previous to bud formation. Likewise, an analysis of water temper- ature versus number of budding individuals showed that the correlation coefficient was most significant at a time lag of 2 mo (Fig. 3B ). This result again suggested that budding activity had a significant negative relationship with temperature 2 mo previously. (Fig. 4) . Gonads were never observed in our specimens. Some individuals had both embryos and buds: one in April 2007 and 7 in August 2008 (Fig. 4 ). There were no obvious seasonal patterns in sexual reproduction. Because the incubation period of embryos is unknown in the present species, it is possible that we missed some brooding individuals between observations.
Fluctuation of density and distribution of Loxosomella plakorticola on the sponges
For 13 to 22 mo, 4 sponges were monitored monthly (Fig. 5 ). Since these 4 sponges were different in size, the grids of 2 × 2 cm are shown at different magnifications for each sponge in Fig. 5 . Sponges changed in shape and size by varying degrees during the monitoring period due to growth and regression. The density and distribution of the entoprocts often fluctuated dramatically within a few months (Fig. 5) . Sponge #1 with small patches of entoprocts at low density (< 2.5 ind. cm -2 ) was entirely covered with entoprocts 3 mo later (May to August 2008 in Fig. 5 ). On Sponge #3, no entoprocts were found though it had been densely covered 2 mo previously (June to August 2007 in Fig. 5) .
As an example for fluctuations, the large Sponge #1 (ca. 20 × 12 cm) and its surface was almost entirely covered with Loxosomella plakorticola at high density (> 25 ind. cm ). In contrast to Sponge #1, an entoproct population on Sponge #4 lasted over 13 mo, while the density of the entoprocts showed some fluctuations. The density of entoprocts was high (> 25 ind. cm 
Genetic heterogeneity of entoprocts on the same sponge
The length of the 18S rDNA region from Loxosomella plakorticla is ~1800 bp. As the result of a homology search, the sequence was almost identical to previously reported 18S rDNA sequences of L. plakotricola (Accession No. GU125752, Fuchs et al. 2010) .
The length of the ITS1 region of Loxosomella plakorticola is 554 bp, and deletion or insertion mutations were not observed in this study. We observed 3 variable sites over 554 bp, and detected 4 haplotypes in 40 individuals from the 2 sponges collected at Manza. All variations found in the 4 haplotypes were single nucleotide polymorphisms. We detected 4 haplotypes in 20 individuals of L. plakorticola living on Sponge #I, while 2 haplotypes were detected from Sponge #II ( Table 2 ). The 2 haplotypes from Sponge #II, i.e. b and c in Table 2 , were the same as 2 of the 4 haplotypes from Sponge #I.
DISCUSSION
The 2 yr survey revealed seasonal changes of fecundity in year-round budding and the rare occurrence of sexual reproduction in the sponge-inhabiting entoproct Loxosomella plakorticola. Year-round predominance of asexual reproduction is expected to cause cloning of populations, genetic analyses, however, demonstrated that each population consists of multiple haplotypes. Monthly monitoring of 4 sponges showed dynamic fluctuation of their entoproct populations.
To date, 19 entoproct species are known to associate with sponges, and they all belong to the genus Loxosomella. Budding has been observed in all species, while sexual reproduction (presence of gonads and/or embryos) has been recorded only for 9 species: L. almugnecarensis, L. ameliae, L. cricketae, L. museriensis, L. pes, L. raja, L. studiosorum, L. tethyae, and L. vivipara (Schmidt 1876 , 1878 , Toriumi 1951 , Nielsen 1966a , b, Bobin 1968 . Since these records do not include annual data, it is unclear whether populations on sponges are controlled seasonally or not. For the colonial entoproct Barentsia discreta, Emschermann (1985) reported that high water temperature (> 22°C) induces sexual maturation in the laboratory. Mukai & Makioka (1980) studied the same species in the field at Shimoda, Shizuoka, a temperate area of Japan, and reported 'colonies had a maximum fertility in August and September, when the sea temperature was the highest of the year'. For 6 non-commensal, solitary entoproct species grown on glass slides at Okinawa Island, sexual reproduction was exclusively found in July and August. The frequency of individuals having embryos varied from 0.21% to 38.6% among species and collection sites (Iseto et al. 2007 ). Since the seawater temperature reached a maximum (> 30°C) during this period (Iseto et al. 2007 ), high temperature may induce sexual reproduction in these entoproct species. In L. plakorticola, embryos were found in only 16 (0.67%) out of a total of 2300 examined individuals (100 individuals in each of 23 mo), and the occurrence showed no seasonal pattern (see Fig. 4 ). Thus our results suggest that water temperature is not the only factor controlling sexual reproduction in solitary entoprocts. In contrast to sexual reproduction, budding occurred all year round in Loxosomella plakorticola and the proportion of budding individuals ranged from 67% (September 2006) to 98% (July 2008) . Budding is probably the principal mode of proliferation in solitary entoprocts, and has been reported for many solitary species to occur throughout the year (Mariscal 1975 , Nielsen 1989 , Iseto et al. 2007 ). Solitary entoprocts generally possess several buds at once, and L. plakorticola has a maximum of 4 buds. The number of buds per individual was highest in March to July and lowest in August to December, indicating seasonality of budding in this species. Nielsen (1989) noted that budding is much more active from summer to autumn in 3 European entoprocts, Loxosoma pectinaricola, L. rhodinicola, and Loxosomella harmeri. Iseto et al. (2007) reported that active budding occurred in summer in some noncommensal species on coral reefs at Okinawa Island, i.e. Loxomitra mizugamaensis, L. tetraorganon, Loxosomella aloxiata, L. intragemmata, L. lecythifera, and L. monocera. As such, active budding seems to correlate with high seawater temperatures. This study, however, indicated that high seawater temperature does not always stimulate budding activity: the number of buds in L. plakorticola correlated negatively with the water temperature 2 to 3 mo previously (Fig. 3) . Because there were time lags between water temperature and budding activity, temperature is an unlikely factor for directly controlling budding activity and unknown factor(s) related to the water temperature probably affect budding. Bobin & Prenant (1954) suggested that bud numbers of solitary entoprocts are influenced by nutrition. Potential food biomass is unknown at the present study site. Chlorophyll a and nutrient concentration in coral reef water, however, are low almost year-round off Sesoko Island, which is located near the present study site (Tada et al. 2003) , suggesting that food supply is not a primary factor controlling the seasonal fluctuation of fecundity in L. plakorticola. The factor(s) that principally control budding activity remain unknown so far. This is the first long-term monitoring of entoproct populations in their natural habitat. Prior to the present study, 2 studies using settlement panels had reported seasonal change in the abundance of solitary entoprocts. Ryland & Austin (1960) reported that 2 solitary entoproct species appeared on tufnol panels immersed in a dock at Swansea, South Wales. Loxomitra kefersteinii was recorded on the panel from July to December with a peak in September and October, and Loxosomella antedonis from January to July with a peak in May. Iseto et al. (2007) reported seasonal change in abundance of 9 solitary entoproct species grown on glass slides that had been submerged for 2 mo in shallow water off Okinawa Island. The abundance was high in summer and low in winter, and active budding resulted in the formation of large populations in summer. In contrast to these 2 studies using experimental settlement panels, the present study showed that entoproct populations on sponges fluctuated without any seasonal pattern (see Fig. 5 ).
Loxosomella plakorticola sometimes disappeared from their sponge within 1 to 2 mo regardless of season. This does not mean they do not proliferate during these periods because our monthly surveys indicated that they always produced buds. Several possible factors may cause disappearance of L. plakorticola populations, such as predation, aging, or massdetachment from their sponges. Turbellarians and nudibranchs predate on entoprocts (Canning & Carlton 2000 , Sánchez-Tocino & Cervera 2006 and the density of the sponge-inhabiting Loxosomella ameliae, was reported to be affected by the feeding of Trapania seaslugs (Sánchez-Tocino & Cervera 2006) . Predators possibly cause the loxosomatids to escape by detachment, resulting in rapid disappearance. Although we could not find any predators on the sponges, unknown predator(s) possibly exist and affect the population of L. plakorticola. Unfavorable changes of the microenvironment on the host sponge may result in massdetachment of the entoprocts. This hypothesis requires the presumption that the microenvironment may recover quickly because reduced populations sometimes recovered within a few months (e.g. Sponge #1, November 2007; Sponge #3 January 2008; Fig. 5) . However, we could not find any deterioration or rapid environmental changes around the 4 sponges monitored, and thus the microenvironment of the host sponge appeared to be stable and not cause the fluctuation of the entoproct populations. Disappearance by aging is improbable as young individuals are always supplied to the population by budding. In conclusion, we assume that the mass disappearance was mainly caused by predation or mass-detachment to avoid predators.
After abrupt disappearance, populations of Loxosomella plakorticola often recovered on the same sponge. If 1 recruit settles on a sponge and propogates only by budding, the population will be comprised of clone individuals. However, our genetic analysis demonstrated that the individuals on the same sponge included several haplotypes, indicating that the population is comprised of multiple clones. Thus the rapid growth of the population was attained not only by bud-ding from a single recruit but also by recruitment from other populations. The trochophore-like larvae do not seem to contribute much to the usual recruitment because sexual reproduction appeared to be rare in the present study. Liberated buds of solitary entoprocts can swim using their ciliated tentacles (Ryland & Austin 1960) . Since budding was active all year round in the present species, liberated buds are the most plausible recruits to the sponges. Konno (1972) collected Loxosomella bifida adults with a plankton-net at Fukaura, Aomori, Japan, which had detached from their host polychaetes and drifted in the water. Adult L. plakorticola may disperse in a similar way. Adults of many Loxosomella species are known to glide over the substratum using their basal foot, and this is another possible way of recruitment of L. plakorticola between the populations. However, the foot of the present species is specialized to attach to the sponge surface (Iseto et al. 2008 and seems unsuitable for moving between sponges.
According to Iseto et al. (2007) , solitary entoprocts dominated on glass slides submerged for 2 mo, while other organisms (e.g. ciliates, bryozoans, ascidians, sponges, and colonial entoprocts) occasionally occurred. However, the number of solitary entoprocts on the glass slides decreased in longer assessments due to fouling by larger sessile organisms (T. Iseto pers. obs.). In contrast to the entoproct populations on the settlement panels, Loxosomella plakorticola sometimes maintained their population for longer periods on sponges (see Sponges #2 and #4 in Fig. 5 ), while the densities of the entoprocts were unstable. Other benthos were observed to rarely inhabit the sponges, probably due to the chemical defense(s) of the sponges. Many cytotoxic and antifouling compounds have been isolated from Plakortis species (e.g. Kossuga et al. 2008 , Bowling et al. 2010 . Therefore, L. plakorticola is supposed to be tolerant to the chemical defense(s) of the host and the absence of competitors for the habitat probably enables the stable survival of the entoprocts. Moreover, many potential predators are likely repelled by the sponge's chemical defense(s), further enabling the stable survival of the sponge and its commensal.
As described above, the reproduction of Loxosomella plakorticola is characterized by year-round budding with seasonal fluctuation, rare occurrence of embryos regardless of season, and simultaneous occurrence of buds and embryos on the same individuals. Hughes & Cancino (1985) reviewed the alternate sexual and asexual reproduction in many invertebrates. For instance, the annual peaks of the 2 modes of reproduction occur at different times of the year in intertidal sea anemones, Anthopleura elegantissima and A. xanthogrammica, and also in a brittle star, Ophaiactis savignyi (see Sebens 1981 , 1982 , McGovern 2002 . The occurrence of self-division is much lower in the breeding season in the starfish Coscinasterias tenuispina (see Crozier 1920) . On the other hand, in the sea cucumbers Holothuria atra and H. edulis, similar to L. plakorticola, the cycles of asexual/sexual reproduction seem uncorrelated and some asexually reproducing individuals are sexually mature (see Uthicke 1997) . Interestingly, sexual reproduction appeared unsuccessful but asexual reproduction occurred throughout the year in the populations of H. atra on intertidal flats in South Taiwan (Chao et al. 1993) , suggesting intraspecific plasticity of the reproductive patterns responding to the habitat environment. As the occurrence of sexual reproduction of L. plakorticola was rare in the populations studied here, possible plasticity of reproductive patterns suggests that sexual reproduction is active in other populations at other places.
In general, clonal animals are more successful than aclonal animals in stable environments (Jackson 1985) , and the year-round predominance of asexual reproduction in Loxosomella plakorticola may indicate the environmental stability of their habitat. Since the present species inhabit a specific host sponge, Plakortis sp., the microenvironments of the habitat are expected to be stable and less variable among the populations. However, this idea may conflict with the dynamic change of the populations on the sponges. Many liberated buds probably did not only settle on the same sponge of the parent individuals but also dispersed to settle on other sponges. It is reasonable for L. plakorticola to actively produce buds and broadcast them so as to find new habitats for settlement because its host sponge Plakortis sp. is sporadically distributed and not always common in the coral reefs. In contrast, the importance of sexual reproduction was unremarkable in the present study, because few individuals were shown to have embryos. In L. plakorticola, larvae are possibly indispensable only to maintain genetic heterogeneity and/or to disperse over very far distances. It is uncertain whether the rare occurrence of sexual reproduction is common in other sponge-inhabiting entoprocts and other sessile meiobenthos. A comparative survey is necessary to verify the generality of this reproductive strategy. 
